II. Resolution and detection efficiency
I.
Supplementary Methods
Commercial microscope glass coverslips (#1, ThermoFisher Scientific, Inc.) were used in all experiments. The coverslips were glued either to the rear side of a custom-made holder formed by several measurement cells or to a metallic frame depending on the experimental needs.
Coverslips were ultrasound cleaned with ethanol for 15 minutes before used. were first scanned with a speed of 0.8 ms per pixel. Once a stable bead was found, a slow scan was performed in a small area around the bead (9.4 x 9.4 µm or 120 x 120 pixel, with a pixel size of 78.1 nm), followed by spectral acquisitions along the sphere radius.
Polystyrene sample preparation and imaging

Octadecyltrichlorosilane self-assembled monolayers growth and characterization
Fresh octadecyltrichlorosilane (OTS) was obtained from Sigma Aldrich (purity ≥ 90%) and II.
Resolution and detection efficiency
The depth resolution of SAR was thoroughly investigated in the main manuscript. The lateral resolution was experimentally evaluated in terms of the point spread function (PSF) of a single 30 nm diameter red-emitting silica nanoparticle (HiQ-Nano S.r.l. λem ~ 680 nm) adsorbed from aqueous solution to the coverslip surface. Gaussian-like point spread functions of the order of 580 nm and 550 nm (FWHM) were measured for the supercritical and undercritical channels respectively. A similar PSF value was expected for both channels as the lateral resolution of the system is primarily determined by the size of the laser focus in the water-glass interface. The small difference observed is believed to be due to some degree of mismatch between the focal point of the focusing lens and the parabolic collector. In terms of detection efficiency, an intensity ratio of 1.3 was obtained between the undercritical and supercritical collections in Supplementary Figure S4 . This ratio varies from one nanoparticle to another (ISAR/IUAR ~ 1.2 to 1.5) but remains larger than unity. Better collection efficiency was expected for SAR due to the larger quantum efficiency of the parabolic collector with respect to the inner lens assembly. In contrast, an average intensity ratio ISAR/IUAR of about 1 was measured in the CCD detector after fiber coupling. This value was derived by integrating the simultaneously recorded supercritical and undercritical emission spectra. The observed drop in detection efficiency was found to be due to the fiber coupling. Based on the SAR/UAR intensity ratios measured before and after fiber coupling, it appeared clear that the fiber coupling efficiency was worse for the supercritical ring-like beam than for the classical gaussian-like undercritical beam.
A further worsening of the relative ISAR/IUAR ratio from 1 to 0.66 was actually observed by replacing the 200 µm core fiber by a 100 µm one.
From these characterizations, it can be concluded that, in absence of volumetric contributions boosting the UAR signal, the absolute detection threshold of UAR establishes a lower limit to the SAR detection threshold. This was confirmed in the OTS SAM investigation, in which similar signal strengths were obtained for SAR and UAR from the OTS SAM. Nevertheless, in presence of interfering backgrounds (as the ethanol example in the manuscript), the detection threshold of SAR was clearly demonstrated to overcome the UAR detection limit.
III. Radiating electric dipole simulations I: general case.
Radiating dipole simulations were carried out with COMSOL Multiphysics. The radiation wavelength was set to 633 nm and the dipole moment to 1 Debye. The dipolar field emitted by a radiating electric dipole is shown in Supplementary Figure S5 for progressively increasing axial distances to a water/glass refractive index discontinuity. For a dipole oriented perpendicular to the refractive index discontinuity, producing almost exclusively supercritical radiation, the fast intensity reduction with z is clearly observed. Indeed, the supercritical radiation is almost extinguished at z = 500 nm. For z > λ (e.g. 1000 nm) the almost totality of the radiated power is sent towards the higher half-space due to total internal reflection at the interface. Furthermore, rather asymmetric radiation patterns are obtained for molecules on the sphere surface. Despite, the high-angle radiations show equivalent extinction rate with the increasing axial distance than in Supplementary Figure S5 , given by the coupling of the emitter's near-field to the high-refractive index medium (lower half-space).
V. Geometrical model.
The decay of the UAR signal as a function of the objective's lateral displacement was estimated by a simple geometrical approach. This one considers the UAR signal to be proportional to the volume of the spherical section contained within the UAR collection volume.
Thus, the volume of the subsequent spherical sections was derived from the laser focus size (Supplementary Figure S4) , the lateral step size (set to 210 nm) and the measured sphere diameter (3.3 µm). These parameters are enough to determine the segment radii 'a' and 'b'.
Supplementary Figure S7:
The evolution of the UAR Raman signal along the sphere radius is considered proportional to a series of spherical sections with 550 nm thickness (laser focus size).
